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摘要 
甘油脱氢酶(Glycerol dehydrogenase, GDH, EC 1.1.1.6)是甘油代谢回路的关
键酶之一，作用是催化甘油生成二羟基丙酮(Dihydroxyacetone, DHA)。DHA 是
一种水溶性的简单酮糖，一般以二聚体形式存在，是有机化学合成中非常重要的
一类中间体。作为重要的化工、生化原料，DHA 及其衍生物在精细化工、制药、
食品、化妆品工业和水质净化等方面潜在广泛的应用前景。 
GDH 隶属于第 III 金属依赖型多元醇脱氢酶家族。该家族包括丁醇脱氢酶
(butanol dehydrogenase, BDH)、乙醇脱氢酶(alcohol dehydrogenase, ADH)、甲醇脱
氢酶(methanol dehydrogenase, MDH)、4-氧代-2-己烯二酸还原酶(maleylacetate 
reductase I, MAR)、脱氢奎尼酸合成酶(dehydroquinate synthase, DHQS)等。其催
化核心为某一金属离子以及若干与金属离子螯合的残基，催化机理为金属离子和
与其螯合的残基分别与醇羟基的氧原子与氢离子作用，使羟基中 O-H 键断裂，
释放质子，将羟基氧化为酮基或羰基。 
本研究利用分子模拟与同源建模手段，对 GDH 进行了理性设计改造，并探
讨分析了相关设计对酶活的影响。本研究旨在提高 GDH 的酶活，以期探索一种
有效的改造类似氧化还原酶的方法。所做具体工作如下： 
一、对 GDH 进行同源建模，分析其三维结构，找出可能的催化活性位点。
参考近年文献中对相同催化机理氧化还原酶的理性设计方案，针对活性位点周围
的残基进行突变，引入碱性残基，提高活性位点附近的电子云密度，设计出
T1-T120H、T2-A122R、T3-G170H、T4-A172R、T5-A253R、T6-A255K、T7-Y270H、
T8-G272R、T9-V275E、T10-K274R 等十组突变位点。 
二、对 GDH 进行第一轮定点突变，构建 BL21(DE3)/pET28a-T(n)表达体系。
随后，对突变后的 GDH 进行表达纯化，并测定其酶活水平。第一轮突变中，酶
的比活普遍提高，最高达到 43 U/mg，约为突变前 GDH 比活的 3 倍。 
三、进行第二轮突变，将多个正突变叠加，构建多点突变表达体系。该轮突
变中 GDH 比活较第一轮突变又有所提高。将 3 个突变叠加后，GDH 比活最高达
到 85 U/mg，约为突变前 GDH 比活的 5.8 倍。 
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四、对各突变 GDH 进行同源建模，并将构建的模型提交到 PROPKA 上，
计算出各带电残基的 pKa值。随后考察了活性残基 pKa值与比活变化的相关性，
发现 Asp121 与 His254 两个残基的 pKa 值与比活为正相关，而 Asp171 的 pKa 值
与比活为负相关。由此可以借此验证与修正关于 GDH 催化机理的猜想，并为该
理性设计思路提供了理论依据。 
 
关键词：甘油脱氢酶；理性设计；同源建模；pKa；比活。 
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Abstract 
Glycerol dehydrogenase (GDH, EC 1.1.1.6) is one of the key enzymes of 
glycerol metabolism. GDH catalyzes glycerol to dihydroxyacetone(DHA). As the 
simplest water soluble ketose, DHA often exists as a dimmer. DHA is key 
imtermediate in the synthetic chemistry. DHA and its derivatives are widely used in 
the field of fine chemicals, pharmaceutical, food, cosmetics industry and water 
purification. 
GDH belongs to the metal-dependent polyol dehydrogenases family III, which 
including butanol dehydrogenase(BDH), alcohol dehydrogenase(ADH), methanol 
dehydrogenase(MDH), maleylacetate reductase I(MAR I) and dehydroquinate 
synthase(DHQS). The catalytic active sites of this family consists of ametal ion and a 
certain number residues which chelate with the metal ion. The catalytic mechanism of 
this family is: the metal ion interacts with the hydroxyl oxygen while the residues 
iteract with the hydroxyl hydrogen, allowing the hydroxyl hydrogen removed as 
proton, subsequent the resultant alkoxide ion intermediate collapsing to the ketone or 
aldehyde. 
In order to improve the enzyme activity of GDH and develope the effective 
method for similar oxidoreductase engineering. In this study, GDH was engineered by 
select rational design, and further analyzed by molecular simulation and homology 
modelingThe effect of enzyme activity causing by the rational design was discussed. 
Major works are listed as follow: 
The structue of GDH was analyzed based on homology modeling, and the 
possible active sites were found out. A certain number of rational design sites 
T1-T120H, T2-A122R, T3-G170H, T4-A172R, T5-A253R, T6-A255K,T7-Y270H, 
T8-G272R, T9-V275E,T10-K274R, were designed to introduce more alkaline 
residues and improve the electron cloud density in the active site. e  
The first round of site-directed mutation were performedby constructing the 
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expression system of BL21(DE3)/pET28a-T(n). Then the mutated GDHs were 
expressed and purified, and the specific activity was mensurated. The specific activity 
of mutated GDH was improved in the first round,, the highest one of site-directed 
mutations was upto 43 U/mg, almost 3 fold of the original GDH. 
The second-round of site-directed mutation based on combined mutations were 
carry out. The specific activity was furtherly  improved than the first round, which 
was up to 85 U/mg, 5.8 fold of the original GDH. 
Homology modeling for each mutated GDHs were simulated. The PDB files 
were uploaded to PROPKA to calculate the pKa values of the residues. 
Interdependency between the pKa values of the activity residues and specific activity 
was investigated. The pKa values of Asp121 and His254 were positively related to the 
specific activity, while the pKa value of Asp171 was negatively related to the specific 
activity. Via this, the assumptions about the catalytic mechanism of GDH was partly 
proved and fixed, which contribute to discover effective method to engineer the 
similar oxidoreductase. 
 
Key words: Glycerol dehydrogenase; Rational design; Homology modeling; pKa; 
Specific activity 
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第一章 文献综述 
酶，作为一种高效的天然催化剂，具有种类繁多、底物专一性强、催化效率
高和反应条件温和等优点。同时，作为有生物活性的高分子（大多数为蛋白，极
少数为 RNA），酶与多数生物高分子一样，具有活性易受影响、对催化条件要
求苛刻、在有机相中活性受限以及价格相对高昂等缺陷。针对这些缺陷，科研工
作者一方面大量筛选、发掘全新的酶，另一方面运用酶工程、蛋白质工程的手段，
积极对酶进行各种改造，希望提高或改变已有酶的性能，弥补其缺陷，降低其成
本，来满足工业、医学、科研等领域对酶的需求[1-3]。 
目前对酶的改造方法可以大致分为以下三类[4-6]：一是酶的化学修饰，使用
合适的化学试剂对酶分子的特定残基进行修饰；二是酶的固定化，使用物理、化
学方法将酶固定在不同基质中对其进行保护，可有效降低酶的成本；三是应用蛋
白质工程技术，从分子层面对酶进行改造，可分为理性设计、半理性设计与非理
性设计等。 
甘油脱氢酶(Glycerol dehydrogenase, GDH, EC 1.1.1.6)是一种典型的多元醇
脱氢酶，可以催化廉价的甘油生成二羟基丙酮(DHA)，后者作为工业原料用途广
泛。目前美国杜邦公司已经有工业化应用 GDH 的尝试，发展前景广泛。 
1.1 粗甘油与二羟基丙酮（DHA）概述 
1.1.1 粗甘油的利用 
近年，随着化石能源的逐步枯竭，可再生能源受到更多重视。其中生物柴油
由于来源广泛，制备工艺相对成熟受到重视。生物柴油生产过程中，往往产生大
量副产物粗甘油。受此冲击，粗甘油价格连年下降。如何合理利用粗甘油成为一
个非常有经济价值的课题。 
1.1.2 二羟基丙酮（DHA）概述 
二羟基丙酮及衍生物作为一种重要的化工、生化原料，在精细化工、制药、
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